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Summary
The flexibility of the conserved 57DTAGQ61 motif is
essential for Ras proper cycling in response to growth
factors. Here, we increase the flexibility of the
57DTAGQ61 motif bymutating Gln61 to Gly. The crystal
structure of the RasQ61G mutant reveals a new con-
formation of switch 2 that bears remarkable structural
homology to an intermediate for GTP hydrolysis re-
vealed by targeted molecular dynamics simulations.
Themutation increased retention of GTP and inhibited
Ras binding to the catalytic site, but not to the distal
site of Sos. Most importantly, the thermodynamics of
RafRBD binding to Ras are altered even though the
structure of switch 1 is not affected by the mutation.
Our results suggest that interplay and transmission
of structural information between the switch regions
are important factors for Ras function. They propose
that initiation of GTP hydrolysis sets off the separation
of the Ras/effector complex even before the GDP con-
formation is reached.
Introduction
Ras is a key transducer in many signaling pathways that
regulate cell growth, proliferation, differentiation, and
apoptosis (Vojtek and Der, 1998; Downward, 2003).
GTP binding and hydrolysis by Ras serve as molecular
switches and timers in relaying signals that originate
with the activation of membrane bound receptors and
lead to the activation of transcription factors and to reor-
ganization of the actin cytoskeleton. In cells, Ras is ac-
tive, or ON, when in the GTP bound form and inactive,
or OFF, when in the GDP bound form. Ras signaling is
initiated by the exchange of GTP for GDP, a reaction
that is regulated by guanine nucleotide exchange fac-
tors (GEFs) including Sos, and terminated by GTP hy-
drolysis, which is accelerated by the action of GTPase
activating proteins (GAPs). Proper regulation of Ras cy-
cling is essential for the correct functioning of the cell,
and loss of regulation is the hallmark of cancer.
The role of the conserved 57DTAGQ61 motif of switch 2
has long been recognized as crucial in the cycling be-
tween the active and inactive forms of Ras and of other
G proteins (Jurnak et al., 1990). This sequence is impor-
tant for the Mg2+ ion coordination and g-phosphate sta-
bilization (Pai et al., 1990; Milburn et al., 1990; Bourne
et al., 1990). Asp57 stabilizes a water molecule that co-
*Correspondence: nicolas.nassar@sunysb.eduordinates the Mg2+ ion; Ala59 occupies the Mg2+ binding
site in the Ras/Sos complex and thus may play an impor-
tant role in facilitating nucleotide exchange (Boriack-
Sjodin et al., 1998). Gly60 interacts with the g-phosphate
and provides the necessary flexibility for the conforma-
tional transitions during exchange and hydrolysis, while
Gln61 is a key catalytic residue. The 57DTAGQ61 motif is
part of the switch 2 region (residues 57–76), which with
switch 1 (residues 25–40) constitutes the regions of
Ras that change their conformation upon g-phosphate
release (Pai et al., 1990; Milburn et al., 1990). These re-
gions are located in close proximity on the surface of
the protein and contain conserved residues important
for nucleotide and Mg2+ ion coordination. They serve
as docking sites for effectors and regulators (Boriack-
Sjodin et al., 1998; Nassar et al., 1995; Scheffzek et al.,
1997; Huang et al., 1998; Pacold et al., 2000). We have
recently investigated the flexibility of this motif by using
structural and biochemical approaches. Increasing the
flexibility of the 57DTAGQ61 sequence by mutating
Ala59 to a Gly resulted in a conformation for switch 2
that differs from that of wild-type Ras (hereafter WT-
Ras) (Hall et al., 2002), but mimicked the structure of
an intermediate for GTP hydrolysis that was predicted
by targeted molecular dynamics (TMD) (Ma and Karplus,
1997). Restraining the flexibility of this sequence by mu-
tating Gly60 to Ala resulted in a Ras mutant protein that
adopts in the GTP bound form an open conformation
similar to the conformation adopted by nucleotide-free
Ras in complex with Sos (Ford et al., 2005).
In this work, we explore the possibility that further in-
crease in the flexibility of the 57DTAGQ61 motif by a Gly
for Gln mutation at position 61 may result in dramatic
structural changes similar to what we observed in the
A59G and G60A mutants of Ras and consequently reveal
new aspects of Ras cycling. An additional interest in
studying this mutant was sparked by the early finding
that, unlike the Q61L mutant of Ras, which transformed
NIH-3T3 cells, the Q61G mutant resulted in a 300-fold
weaker transforming efficiency despite a comparable de-
crease in the GTPase activity (Der et al., 1986). This result
argued that a deficiency in the GTPase activity alone is not
enough to induce cellular transformation, but that a syn-
thesis of other factors is required to induce transforma-
tion. Here, we present the structural and biochemical
characterization of RasQ61G. We show, by using TMD
simulations, that the GTP bound form of RasQ61G mimics
the structure of an intermediate for GTP hydrolysis that
takes place before the A59G intermediate is reached.
RasQ61G binds to the distal but, not to the catalytic, site
of Sos. The switch 2 mutation affects the thermodynamics
of Ras binding to Raf despite an unperturbed switch 1 re-
gion. We conclude that interplay between the switch re-
gions is important for effector interaction by Ras.
Results
Comparison of GppNp Bound RasQ61G and WT-Ras
Figure 1 is a representative section of the SHELXE elec-
tron density map superposed on the final model. The
Structure
428final electron density of RasQ61G bound to the slowly
hydrolyzable GTP analog GppNp is clear for all of the
atoms and absent for the side chains of switch 2 resi-
dues Glu62–Tyr64, Met67, and Tyr71. The average tem-
perature factor of this segment is higher than for the rest
of the protein. Except for switch 2 residues 60–73, the
structures of the GppNp bound forms of WT-Ras and
RasQ61G superpose well. The calculated root-mean-
square deviation (rmsd) after superposition of all 166
Cas is 0.85 A˚.
The switch 1 region in RasQ61G adopts a conforma-
tion similar to the one observed in WT-Ras. Subtle differ-
ences between the WT-Ras and the RasQ61G struc-
Figure 1. The SAD Electron Density
A section of the electron density map derived from SAD phasing to
2.4 A˚ resolution calculated with SHELXE is shown in the vicinity of
the nucleotide. The map is displayed at the 1s level and is super-
imposed on coordinates of the final model. Green and red spheres
represent the Mg2+ ion involved in crystal packing and water mole-
cules, respectively. The anomalous difference Fourier map showing
the anomalous scatterers is displayed at the 5s level in the upper-left
corner. Purple spheres represent phosphorus atoms, teal spheres
represent the GppNp bound Mg2+ ion, green spheres represent
Ca2+ ions, and gold spheres represent sulfur atoms. At the lower-
right is Met67, which is solvent exposed and has a high temperature
factor that rendered its location impossible. The Mg2+ ion also dem-
onstrated a relatively high temperature factor, but it could be
located.tures, however, are observed. These differences are
confined to the main chain carbonyl of Asp30 and the
side chain of Tyr32. In the RasQ61G structure, but not
in the WT-Ras structure, the carbonyl of Asp30 is within
hydrogen bond distances from the ribose hydroxyls. In
the WT-Ras structure, Tyr32 points to the solvent, while,
in the RasQ61G structure, the bulky phenol group rests
above the phosphates in a crevice between switch 1 and
the P loop. The observed conformation of Tyr32 allows
its hydroxyl group to make a direct hydrogen bond
with the GppNp g-phosphate (2.6 A˚, Figure 2A) and to
protect the nucleotide phosphates from solvent. Thus,
unlike the G60A mutation, which results in an open con-
formation of switch 1 (Ford et al., 2005), mutating Gln61
to Gly results in a switch 1 region that adopts a wild-type
closed conformation.
Unlike switch 1, the switch 2 region is restructured
upon introducing a glycine at position 61 (Figure 2A).
The restructuring of switch 2 starts at Gly60. The (f, c)
dihedral angles of this residue change from (280º,
210º) in the WT-Ras structure to (285º, 146º) in the
RasQ61G structure. This change propagates to the
next 7 residues (Gln61–Met67), which also undergo large
changes in their dihedral angles and are displaced from
the nucleotide (Figure 2A). The Ca of residues 61 and 63
are shifted, for example, by as much as 3.3 and 3.8 A˚, re-
spectively, from their positions in WT-Ras. Gly61 is sta-
bilized through hydrogen bonds made by its main chain
amino and carboxyl groups with the side chains of Tyr96
and Arg68 (Figure 2A). Residues 61–64 of loop L4 form in
the RasQ61G a short 310 helix and thus extend helix a2
(residues 65–75) by one turn. The N-terminal part of helix
a2 (Ser64–Met69), which makes a 310 helix in the WT-
Ras structure, is now a regular a helix with the classical
i to i+4 hydrogen bond pattern. The last turn (Asp69–
Tyr71) of helix a2 lost its hydrogen bonding pattern
and thus unwound. In addition to changes in the hydro-
gen bonding pattern, helix a2 of switch 2 is positioned
intermediary to its position in the GDP and GTP bound
forms of WT-Ras. These structural changes have three
important consequences. The first consequence is the
rearrangement of the Arg68 side chain. In WT-Ras,
Arg68 is stabilized by van der Waals interactions with
the phenol group of Tyr71 and by hydrogen bondsFigure 2. Comparison of the Switch Regions
of RasQ61G with WT-Ras and RasA59G
(A) Superposition of the switch 1 (Sw 1) and
switch 2 (Sw 2) regions of the GppNp bound
forms of WT-Ras (yellow) (Pai et al., 1990)
and RasQ61G (blue). The GppNp and Mg2+
ions are in ball-and-stick representation in
purple and green, respectively. The water
molecule in WT-Ras responsible for the nu-
cleophilic attack on the g-phosphate (W175)
is shown as a yellow sphere; the closest wa-
ter molecule in the RasQ61G structure is
shown as a blue sphere.
(B) Superposition of the switch regions of the
GppNp bound forms of RasA59G (gold) (Hall
et al., 2002) and RasQ61G (blue). Dotted lines
represent hydrogen bonds. For simplicity,
only a few residues in each region are shown.
This figure was prepared with Molscript
(Kraulis, 1991) and Pymol (http://pymol.
sourceforge.net/).
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429with the carboxylic group of Glu62 and water-mediated
hydrogen bonds with the carbonyls of Ala59, Gly60,
Tyr71, and Tyr96. In RasQ61G, the Arg68 side chain
shifts toward the core of the protein. The restructuring
of Arg68 enables it to make direct hydrogen bonds
with the carbonyls of Ala59 and Gly61 and the side chain
of Gln99 and forces Tyr71 to be solvent exposed. The
second important consequence of the changes in the
(f, c) angles is the solvent exposure of the side chain
of Tyr64 and the breaking of the hydrogen bond be-
tween its phenol group and the carbonyl of Ile36. Al-
though the electron density for the side chain of Tyr64
and Tyr71 is missing from the final map, these residues
must be solvent exposed, unlike in WT-Ras. The third
consequence is the appearance of a hydrogen bond be-
tween the amino side chain groups of Gln99 and Ser65,
which is absent in the WT-Ras structure.
Comparison with RasA59G
Some of the characteristics of RasQ61G discussed in
the previous paragraph have been reported for the
RasA59G mutant (Hall et al., 2002). These include the
conformation of Tyr32, the location of helix a2 intermedi-
ate to its position in the GTP and GDP bound forms of
WT-Ras, and the winding and unwinding of helix a2. De-
spite these similarities (calculated rmsd of 0.5 A˚ after
superposition of both structures), the switch regions of
the two Ras mutants are not identical (Figure 2B). In
RasQ61G, the hydroxyl group of Tyr32 of switch 1
makes a direct hydrogen bond with the g-phosphate
(2.6 A˚), while, in RasA59G, it contacts the terminal phos-
phate through a water molecule. In addition, whereas
the residues of the second half of switch 2 (Asp69–
Gly75) superpose well between the two structures,
they diverge significantly for the N-terminal part of this
region. For example, the Cas of Tyr64 and Met67 in the
two structures are distant by 5.2 and 3.2 A˚, respectively
(Figure 2B). Most importantly, Glu37 of switch 1 and
Arg68 of switch 2, which interact in the RasA59G struc-
ture, are not interacting in the RasQ61G.
Nucleotide and Mg2+ Ion Coordination
In the RasQ61GGppNp structure, the Mg2+ ion and the
GppNp make conserved interactions with the protein
with few exceptions. These differences include the addi-
tional Tyr32/g-phosphate and the ribose hydroxyls/
switch 1 interactions found in RasQ61G, but not in the
WT-Ras structure (Figure 2A). In addition, there is no
density in the RasQ61G for a water molecule equivalent
to Wat175, the water molecule presumed responsible
for the in-line nucleophilic attack on the g-phosphate
(Pai et al., 1990).
Structure of GDP Bound RasQ61G
To check whether the structural changes observed in
the RasQ61G switch 2 region are specific for the GTP
bound form of Ras, we solved the crystal structure of
RasQ61GGDP. The final electron density is absent for
residues 61–64 of loop L4. Overall, the GDP bound forms
of WT-Ras and RasQ61G, including the switch 2 region
(rmsd of 0.6 A˚ calculated over the 166 Ca atoms), super-
pose well. Thus, as we previously observed with the
A59G and G60A mutants of Ras, the Q61G mutation af-
fects only the GppNp bound form.Targeted Molecular Dynamics of Ras
Since helix a2 in the RasQ61G structure is placed, as in
RasA59G, intermediary to its position in the GTP and
GDP bound forms of WT-Ras, we tested the hypothesis
that the RasQ61G structure mimics another transient
structure of Ras on the path for GTP hydrolysis. Similar
to the previous study of Ma and Karplus (1997), we con-
ducted TMD simulations on Ras going from the GTP to
GDP bound state. Because Ras’ structure outside the
switch regions is not affected by GTP hydrolysis, we ap-
plied positional restraints to non-switch region atoms
and TMD restraints to switch region atoms, while the
rest of the system (water molecules, magnesium, and
GDP) was free to move and to adjust to changes in the
switch regions. To compare the RasQ61G structure to
the TMD-generated snapshots, we plotted the rmsd be-
tween the Ras mutant and the snapshots from the sim-
ulation trajectory (green line in Figure 3A). We generated
a similar plot for the RasA59G structure (red line in Fig-
ure 3A), which should serve as a positive control since
we previously showed it to mimic the structure of an
intermediate for GTP hydrolysis (Hall et al., 2002). As
shown in Figure 3A, changes in the switch 1 region for
both Ras mutants are not very significant; the backbone
rmsds stay, on average, constant atw1.2 A˚ for the first
400 ps of the simulation before gradually increasing to 2
A˚ at the end of the simulation. A different behavior is ob-
served for switch 2. Figure 3A shows that the rmsds be-
tween the RasA59G switch 2 backbone atoms start at
w3 A˚, decrease to 2 A˚ around 100–300 ps, and gradually
increase to reach 4 A˚ at the end of the simulation. A sim-
ilar trend is also observed when all atoms are taken into
consideration (lower panel in Figure 3A). The presence
of a valley at w100–300 ps in the rmsd plot suggests
that the RasA59G structure is more similar to structures
calculated on the proposed path for GTP hydrolysis (2 A˚)
than to the endpoints (3 and 4 A˚). Inspection of the cal-
culated structures, however, shows that the Arg68/
Glu37 interaction, which is observed in the RasA59G
structure and reported by Ma and Karplus (1997), is
not present in the structures with low rmsds, but only
forms at later stages of the TMD when the rmsd values
are high. Even though we do not simultaneously capture
structural similarity and the presence of the interswitch
interaction, we observe the formation of transient hydro-
gen bonded interactions between Tyr64, Arg68, and
Tyr71 with Glu37 at different stages in the simulation.
These interactions are characteristic of the intermediate
previously found by TMD (Ma and Karplus, 1997; Hall
et al., 2002).
Inspection of the rmsd plot for the RasQ61G switch 2
structure (green line in Figure 3A) shows a trend similar
to that for RasA59G with a valley at w100 ps. Even
though the width of the valley is not as pronounced as
for RasA59G, we note that the actual rmsd values for
the snapshots around 100 ps are lower (w1.5 A˚) than
those for the initial (w2 A˚) and final structures (w5 A˚).
The rmsd plot indicates that simulation snapshots adopt
structural similarity to RasQ61G before they evolve to
resemble RasA59G (in Figure 3A a dip in the green line
slightly precedes a dip in the red line). This result sug-
gests that RasQ61G is another transient structure on
the path of GTP hydrolysis. Assuming that RasA59G
mimics an intermediate that forms later than the one
Structure
430Figure 3. TMD Simulations
(A–C) Each panel represents a trace of the rmsd between a set of
switch 1 (left) and switch 2 (right) region atoms in the crystal struc-
tures of RasGppNp (black line), RasQ61GGppNp (green line),
RasA59GGppNp (red line), or RasGDP (orange line) (heavy
atom = nonhydrogen atoms) with their equivalents in the TMD sim-
ulations run for 1000 ps. For simplicity, results obtained with only
one TMD run are shown. (A) Intermediate structures are calculated
every picasecond for Ras going from the GppNp to the GDP bound
structure. Note the similarity atw100–300 ps andw100 ps between
the switch 2 region atoms of RasA59G and RasQ61G with the TMD
calculated structures. (B) Intermediate structures are calculated ev-
ery picosecond for GppNp bound Ras going from the wild-type to
the A59G structure. Note the similarity between the switch 2 region
atoms of RasQ61G with the TMD calculated structures atw300 ps.
(C) Superposition of the RasQ61GGppNp structure (blue) on the
TMD simulation coordinates; the lowest rmsd (violet) is found in
(B). For simplicity, only important residues are shown. Dotted lines
represent hydrogen bonds.mimicked by RasQ61G, we carried out another TMD sim-
ulation starting with RasGTP, but targeting RasA59G
as the final structure. In doing so, we took advantage
of the fact that we already know a ‘‘point’’ on a trajectory
(RasA59G) through which TMD should pass. Such fo-
cused TMD also allows us to perform better sampling
on the region of the path between RasGTP and
RasA59G. The resulting rmsd plots are shown in Fig-
ure 3B. A similarity between RasQ61G and TMD snap-
shots around 300 ps is now more visible (green line in
Figure 3B), with a backbone atom rmsd of only w1 A˚,
lower than the values for the endpoint structures
(w2 A˚). To check that the low rmsd values between
RasQ61G and the TMD-calculated structures truly cor-
respond to a structural match, we superposed the
TMD structure with the lowest rmsd on the RasQ61G
structure. As shown in Figure 3C, the features we previ-
ously reported for the RasQ61G structure are remark-
ably conserved in the TMD structure, including the inter-
action of Arg68 with the side chain of Gln99 and the
carbonyls of Ala59 and Gln61, the swinging of Tyr64
and Tyr71 into the solvent, and the ability of Gln99 to
make a hydrogen bond with the carbonyl group of
Ser65. In addition, the i to i+4 hydrogen bonding pattern
at the N-terminal part of helix a2 and the unwinding of
the last turn of the same helix are also conserved be-
tween the RasQ61G and the TMD structure. This similar-
ity between the two structures is remarkable consider-
ing that some of the mentioned interactions are absent
from both the WT-Ras and the RasA59G structures,
which correspond to the initial and final stages of the
TMD calculations and considering that the TMD calcula-
tions did not include the g-phosphate and were done
with the wild-type sequence. Thus, given the similarities
between the RasQ61G crystal structure and TMD-calcu-
lated structures, our TMD results suggest that the
RasQ61G coordinates mimic the structure of an inter-
mediate for GTP hydrolysis that takes place after the
g-phosphate is attacked, but before the RasA59G inter-
mediate is reached and before the structure of the GDP
bound form is reached.
Despite the significant accordance between the
RasQ61G and the TMD structures, some important
interactions seen in RasQ61G are not present in the
TMD structure. These include the Tyr32/g-phosphate
and Tyr96/Gly61 interactions. The absence of these in-
teractions from the TMD structure can be attributed to
the omission of the g-phosphate and the inclusion of
Gln61 instead of Gly61 in the TMD simulations.
Biochemical Characterization
of the RasQ61G Mutant
In an effort to understand the functional significance of
the conformation displayed by the RasQ61G, we char-
acterized the biochemical properties of this mutant.
We show that the GppNp, but not the GDP/AlFx (x = 3,
4) bound form of RasQ61G interacts with GAP334 (see
the Supplemental Data available with this article online).
Next, we compared the rates of dissociation of the fluo-
rescent nucleotide analogs mant-GDP and mant-GTP
from WT-Ras and RasQ61G (John et al., 1990; Lenzen
et al., 1998). Figure 4A shows that the observed intrinsic
dissociation rate of the GDP is not altered by the Q61G
mutation. An identical rate of GDP dissociation between
Structure of the Q61G Mutant of Ras
431Figure 4. Intrinsic and Catalyzed Nucleotide Dissociation Rates of
Ras Proteins
(A–C) Nucleotide dissociation rates were measured after the change
in fluorescence of the nucleotide analogs N-methylanthranoyl-GDP
(mant-GDP) and mant-GTP as described in Ford et al. (2005). Data
shown are from a single experiment and are representative of three
independent measurements. Unless mentioned, observed OFF
rates were calculated by fitting the experimental points to a single
decaying exponential, F(t) = offset + A0exp(2kofft) with the pro-
gram SigmaPlot (offset is the fluorescence value at infinite time
and A0 = F[0] 2 offset). For clarity, only the normalized exponential
part is plotted. (A) GDP dissociation from WT-Ras (koff = 6.6 3
1025 s21) and RasQ61G (koff = 5.9 3 10
25 s21). The addition of 1
mM Sos significantly increased the observed rate of GDP dissocia-
tion from WT-Ras (koff = 7.33 10
23 s21), but it resulted in a negligible
increase for RasQ61G (koff = [7.0 6 1.6] 3 10
25 s21). The addition of
10 mM (koff = [15.1 6 2.3] 3 10
25 s21) or 100 mM (koff = [19.9 6 1.0] 3
1025 s21) Sos to RasQ61G did not increase the rate of nucleotide
exchange. (B) GTP dissociation from WT-Ras (koff = 8.1 3 10
25
s21) and RasQ61G (koff = [4.1 6 0.95] 3 10
25 s21). The addition
of Sos significantly increased the rate of GTP dissociation fromWT-Ras and RasQ61G is expected since the coordina-
tion of the GDP in both structures is similar. The fluores-
cence data, however, show a 2-fold decrease in the
observed intrinsic rate of GTP dissociation, suggesting
that the Q61G mutation resulted in better retention of
the GTP (Figure 4B). The swinging of Tyr32 to sit on top
of the phosphates and to directly interact with the
g-phosphate is one likely explanation for the difference
in GTP dissociation rates between WT-Ras and RasQ61G.
In the context of WT-Ras, the low rate of GTP release by
RasQ61G suggests that Ras, like any efficient enzyme,
protects its substrate from release into the solvent dur-
ing GTP hydrolysis. An identical conclusion was made in
the case of the A59G mutant (Hall et al., 2002).
To examine how the Q61G mutation affects catalyzed
nucleotide release, we compared the rate of nucleotide
dissociation from WT-Ras and RasQ61G in the presence
of the catalytic domain of Sos. It is now well accepted
that Sos has two binding sites for Ras: a catalytic site
at which nucleotide-free Ras anchors, and a distal site,
where GDP or GTP bound Ras attaches to accelerate
the rate of nucleotide exchange (Margarit et al., 2003;
Sondermann et al., 2004). Whereas Sos substantially ac-
celerates the release of GDP and GTP from WT-Ras, it
has a modest effect on both nucleotide bound forms of
RasQ61G (Figures 4A and 4B). The inability of Sos to ac-
celerate nucleotide exchange is more dramatic when
GTP, rather than GDP, is bound to RasQ61G. To check
if the failure of Sos to accelerate nucleotide exchange
is due to its inability to bind RasQ61G, we checked for
complex formation between the two proteins. We mixed
purified Sos and RasQ61GGDP. Figure 4C shows that
Sos binds to WT-Ras and to RasQ61G. To further investi-
gate the binding of RasQ61G to the catalytic or distal site
on Sos, we probed the interaction between RasQ61G
and SosW729E. SosW729E is a Sos mutant that is defec-
tive in Ras binding to the distal site (Sondermann et al.,
2004). Figure 4C shows that, whereas WT-Ras binds to
the catalytic site of SosW729E, RasQ61G does not bind
to the Sos mutant. These data suggest that mutating
Gln61 to Gly prevents Ras from binding to the catalytic
site, but not to the distal site. They explain the observa-
tion that adding up to 100-fold excess Sos to RasQ61G
has little or no effect on the rate of nucleotide dissocia-
tion (Figures 4A and 4B). The failure of Sos to interact
with RasQ61G implies that the side chain of Gln61 is im-
portant for Sos binding. Indeed, the Ras/Sos structure
shows that Gln61 is located at the interface between
the two proteins in a pocket formed by Thr58, Tyr64,
and Tyr71 of Ras and Tyr912, Phe929, Gly931, and
Thr935 of Sos (Boriack-Sjodin et al., 1998). The side
chain of Gln61 is involved in hydrogen bonds with
WT-Ras (koff = 1.7 3 10
23 s21), but it had no effect on RasQ61G
(koff = [2.9 6 0.44] 3 10
25 s21). The addition of 10 mM (koff = [8.1 6
0.64] 3 1025 s21) or 100 mM (koff = [11.2 6 4.2] 3 10
25 s21) Sos to
RasQ61G did not restore the wild-type values. (C) Ras and Sos
proteins were mixed as indicated and passed over an analytical
gel filtration column, and Western blots were performed as outlined
in Supplemental Data. RasQ61G binds to Sos, which has both the
catalytic and distal sites available, but it does not bind to SosW729E,
which has the distal site knocked out by mutation (Sondermann
et al., 2004).
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432Tyr71 of Ras and Thr935 of Sos. Eliminating the long side
chain of Gln61 by mutating it to a glycine should have
dramatic effects on this pocket and on the interaction
of the two proteins similar to the effects observed for
the Y64A and F929A mutations of Ras and Sos, respec-
tively (Hall et al., 2001). Thus, the Q61G mutation renders
Ras specific to the distal site of Sos.
RasQ61G Binding to Raf
Since the Gln61 to Gly mutation does not affect the
structure of the switch 1 region, which is the main an-
chorage site of RafRBD (Nassar et al., 1995), we ex-
pected similar binding affinities between RafRBD and
Ras or RasQ61G. To test this prediction, we used iso-
thermal titration calorimetry (ITC) to measure and com-
pare the thermodynamics of RafRBD binding to GppNp
bound WT-Ras and RasQ61G (Figure 5). Before the ITC
experiments, all proteins were dialyzed against the
same DTT-free HEPES-containing buffer. Table 1 con-
tains the values of parameters directly measured in the
ITC experiments, Ka and DH0, together with the calcu-
lated TDS0 and Kd ( = Ka
21) values. The Kd measured
for RafRBD binding to WT-Ras (88 nM), which serves
as a positive control experiment, is in agreement with
previously observed values (80 nM [Rudolph et al.,
2001; Kiel et al., 2004]). However, the measured DH0
(22.46 kcal/mol) differs from the values reported by Ru-
dolph and colleagues by 22.7 kcal/mol. This loss of en-
thalpy of binding is recovered in the TDS0 (7.16 kcal/
mol), which is 2.7 kcal/mol higher than the value previ-
ously reported (Rudolph et al., 2001). One likely explana-
tion for the variability between the two enthalpies of
Figure 5. A Representative Calorimetric Titration of RafRBD into
RasQ61G
RafRBD was titrated into RasQ61GGppNp as described in Ex-
perimental Procedures. The trace is the raw data from one run, cor-
rected so that the baseline enthalpy is 0. Thermodynamic parame-
ters were obtained by integration of each heat pulse (top panel),
subtraction of integrated pulses from an identical run in which
RafRBD was injected into buffer alone (not shown), and fitting of
parameters to the resulting titration curve (open squares) in the man-
ufacturer’s software (Origin 7.0). Parameters quoted in Table 1 are
the average of the parameters from three such runs.binding is the buffer used in the ITC experiments:
10 mM HEPES in this study versus 50 mM Tris used by
Rudolph and colleagues, who also noticed a difference
in enthalpy of binding for the same complex when
HEPES or phosphate are used. When we probed the
RafRBD/RasQ61G system by ITC, we measured a disso-
ciation constant, Kd, of 296 nM, a value w3.4 times
higher than that of WT-Ras. This unexpected decrease
in the association constant is due to a loss of 2.5 kcal/
mol in entropy of binding (TDS0 decreases from 7.16 to
4.64 kcal/mol) despite a more favorable enthalpy of
binding (DH0 decreases by 1.9 kcal/mol to 24.36 from
22.46 kcal/mol, Table 1). The structure of the RafRBD/
RasQ61G complex is not available to rationalize in struc-
tural terms the changes in affinity constant or in energies
upon formation of the complex: i.e., making and break-
ing of hydrogen bonds, hydrophobic interactions, and
desolvation. As the structure of switch 1 is similar be-
tween WT-Ras and RasQ61G, it is safe to assume that
the structures of the complexes between these proteins
and RafRBD are similar. We are thus left with the struc-
tural differences in switch 2 between WT-Ras and
RasQ61G to explain thew3.4-fold loss in binding affinity
revealed by the ITC data. Superposition of these two
structures (Figure 2A) shows that the difference in con-
formation of Tyr64 is one likely reason. In WT-Ras,
Tyr64 is within hydrogen bond distance from the car-
bonyl of Ile36 (3.0 A˚) and from the carboxylate group
of Glu37 (3.25 A˚). These interactions should modulate
the movements of switch 1 and the way it associates
with RafRBD. In RasQ61G, these interactions do not
take place due to the restructuring of loop L4 (Figure 2A).
Thus, our ITC data support the hypothesis that struc-
tural changes in switch 2 modulate the way switch 1
interacts with RafRBD and probably with other down-
stream effectors. This hypothesis suggests an interplay
between the switch regions characterized by an ex-
change of structural information. One such interplay be-
tween the switch regions was revealed when changing
the nature of a switch 2 residue severely affected the
structure of switch 1 (Ford et al., 2005).
Discussion
Ras residue Gln61 has been the focus of intensive stud-
ies because of its frequent mutation in human cancers
(Bos, 1989; Downward, 2003). The crystal structures of
Ras alone and in complex with the catalytic domain of
p120GAP (Pai et al., 1990; Scheffzek et al., 1997) pro-
posed a role for Gln61 in catalysis: it stabilizes the water
molecule, identified as Wat175, in the in-line nucleo-
philic attack on the g-phosphate during hydrolysis. Sub-
stitution of this residue by any other amino acid except
proline and glutamate transformed NIH-3T3 cells to
various efficiencies despite a mutation-independent
Table 1. Thermodynamic Parameters of Association of RafRBD
with Ras Proteins
Ka
(106 M21)
Kd
(nM)
DH0
(kcal/mol)
TDS0
(kcal/mol)
WT-Ras 11.43 6 0.86 88 6 7 22.46 6 0.13 7.16 6 0.09
RasQ61G 4.11 6 1.25 296 6 80 24.36 6 0.45 4.64 6 0.63
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433Figure 6. Evolution of the Switch Regions along the Path for GTP Hydrolysis
(A–D) Backbone atoms of both switch 1 (pink, residues 25–40) and switch 2 (yellow, residues 57–75) are shown along with key side chain residues
for simplicity. The guanine nucleotide (GTP/GDP) and the Mg2+ ion are shown in a ball-and-stick model. (A) The beginning of the path (RasGTP)
(Pai et al., 1990). (B) Transient intermediate 1 (RasQ61G). (C) Transient intermediate 2 (RasA59G) (Hall et al., 2002). (D) The end of the path
(RasGDP) (Milburn et al., 1990). Hydrogen bonds between switch regions and other key hydrogen bonds are denoted by dotted lines.decrease in the rate of GTP hydrolysis by a factor of ap-
proximately 10 (Der et al., 1986). For example, while the
Q61V and Q61L mutants of Ras notably transformed
NIH-3T3 cells, the Q61G mutant resulted in a 300-fold
weaker transforming efficiency, which can be rescued
by increased levels of expression (Der et al., 1986).
These results argued that a deficiency in the GTPase ac-
tivity alone is not enough to induce cell transformation,
but that other factors including, overexpression and nu-
cleotide exchange, are required to induce transforma-
tion (Feig and Cooper, 1988).
Our biochemical data support the hypothesis that, de-
spite a slow GTPase activity, the relatively weak trans-
forming ability of the Q61G mutant of Ras is due to com-
promised binding to the active site on Sos, which
hinders activation by the GEF and thus accumulation
of GTP-loaded RasQ61G in the cell. This result suggests
that, after one round of GTP hydrolysis, RasQ61G is not
loaded with GTP by exchange factors or through intrin-
sic nucleotide exchange to activate downstream effec-
tors and thus cannot sustain cellular transformation.
Van der Berghe and colleagues (Van der Berghe et al.,
1999) also noticed a reduction in the activation of the
Q61L and Q61T mutants of Ras by Cdc25, but not to
the extent we see with the Q61G mutant. Put together,
these data point to the importance of Gln61 for the reac-
tions of nucleotide exchange and GTP hydrolysis. They
also stress that defects in the GTPase reaction, which is
equally compromised for both Q61G and Q61L mutants,
are alone not enough to sustain cellular transformation,
but that activation by the exchange factor or fast intrin-
sic nucleotide dissociation, true for Q61L but not for
Q61G, is as important.
More importantly, our TMD simulations showed that
the RasQ61G coordinates capture the structure of an in-
termediate for GTP hydrolysis that takes place after the
g-phosphate is attacked, but before the structure of the
RasA59G is reached. Having two points on the path for
GTP hydrolysis allows us to better our understanding
of this reaction (Figure 6). First, starting from RasGTP,
Tyr32, which was solvent exposed, moves closer to
the g-phosphate in the Q61G intermediate before re-
treating back in the A59G and further in RasGDP, where
it interacts with Tyr40. This scenario suggests that Tyr32
plays an important role during GTP hydrolysis. Sincemutating Tyr32 had no effect on the rate of GTP hydro-
lysis (Yamasaki et al., 1994), but affected the rate of
GTP dissociation (Hall et al., 2001), our TMD and struc-
tural results support the idea that the Tyr32/g-phos-
phate interaction stabilizes the nucleotide and protects
it from being released to the solvent during GTP hydro-
lysis (Hall et al., 2002). Second, the interactions Tyr64
makes with Ile36 and Glu37 in WT-Ras break in
RasQ61G because of the structural changes in loop L4
that accompany GTP hydrolysis. Subsequently, a new
interaction forms in the A59G intermediate between
Glu37 and Arg68 and remains in place until hydrolysis
is complete (RasGDP). The displacement of Glu37 to-
ward Arg68 is in fact the most substantial change in
switch 1 between the Q61G and A59G intermediates.
Third, Tyr71 is initially (RasGTP) buried inside the pro-
tein and forms internal switch 2 interactions. It moves
away and becomes solvent exposed in the GTP hydroly-
sis intermediates, and eventually makes a hydrogen
bond with Asp54 in RasGDP. In addition to the switch
residues already mentioned, the TMD simulations high-
light a role for Tyr96 and Gln99 during GTP hydrolysis in
stabilizing Gln61 and Arg68 in intermediate structures.
Even though the TMD results suggest that the Q61G
and A59G mutants of Ras mimic transient structures
for GTP hydrolysis, this methodology presents some
limitations. We single out two problems that limit the
TMD from properly defining the path for GTP hydrolysis
by Ras. First, the timescale and the large extent of con-
formational changes in the switch regions that accom-
pany GTP hydrolysis are currently beyond the reach of
unrestrained molecular dynamics simulations. To make
the sampling of the transition path possible, TMD uses
rmsd as a convenient reaction coordinate. If the rear-
rangement of switch regions from initial to final confor-
mation in TMD is successful, it should provide reason-
able transient structures on a low-energy pathway. In
other words, we are performing ‘‘structural interpola-
tion’’ from the initial to the final structure that is linear
in rmsd, and we are taking into account mainly steric
and electrostatic effects within the limits of molecular
mechanics. This does not include a description of
more complex phenomena, such as changes in electron
distributions due to, for example, charge polarization or
bond breaking and making. Second, the cleavage of
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path are not included in the TMD simulations. Because
we are unable to model the g-phosphate during GTP hy-
drolysis, our simulations were performed with GDP.
These oversimplifications may be responsible for asyn-
chronous occurrence of the structural similarity and the
presence of interswitch interaction for the RasA59G mu-
tant. Thus, the importance of a more accurate descrip-
tion of the model may be manifested to a different
degree at different stages of GTP hydrolysis. Yet, the
TMD was able to generate a structure with a high degree
of similarity to the RasQ61G structure determined by
X-ray crystallography.
The lack of direct experimental molecular details on
the dynamics of the GTP hydrolysis reaction leaves us
with the necessity of combining experimental and in sil-
ico approaches to probe the path for GTP hydrolysis.
The fact that the TMD simulations were able to converge
on the RasQ61G crystal structure despite the lack of
similarity of the latter with the endpoint structures and
despite the use of WT-Ras sequence in the TMD simula-
tions suggests that combining both approaches will be
valuable in understanding how GTP hydrolysis pro-
ceeds, which is at the heart of Ras signaling.
The ITC results are also valuable in revealing when the
Ras/RafRBD complex separates. These results uncover
important differences in the thermodynamics of binding
of WT-Ras versus RasQ61G to RafRBD, which the three-
dimensional structure fails to predict. These differences
include a gain of 1.9 kcal/mol in the enthalpy of binding
and a loss of 2.5 kcal/mol in the entropy of binding. In
light of the evidence that RasQ61G mimics the structure
of an early intermediate for GTP hydrolysis, the de-
crease in binding affinity implies that the Ras/RafRBD
complex starts separating as soon as the GTP hydroly-
sis reaction is initiated, even before the switch 1 region
adopts its effector binding-deficient GDP bound confor-
mation. The disengagement of the switch regions fol-
lowing the initiation of GTP hydrolysis is responsible
for the Ras/effector separation. This result suggests
that RafRBD binding to Ras is not only governed by
the switch 1 conformation as the structure of the Ras/
RafRBD suggests (Nassar et al., 1995), but that other
factors, including the proper conformation of switch 2,
modulate this interaction. One likely role for the switch
region interaction seen in Ras is the stabilization of
switch 1 for proper interaction with effectors and regula-
tors. This conclusion is supported by our recent finding
that mutating Gly60 of switch 2 to Ala resulted in a dra-
matic opening of switch 1 and a restructuring of residues
20 A˚ away from the site of mutation (Ford et al., 2005).
Whether this ‘‘switch region interplay’’ plays any role in
vivo remains to be seen.
Experimental Procedures
Protein Preparation and Crystallization
WT-Ras and the RasQ61G mutant (residues 1–166) were expressed
and purified as described in Ford et al., (2005). At this stage, the pu-
rified RasQ61G was a mixture of GDP and GTP bound proteins and
was therefore exchanged to the GDP bound form by incubation with
2 mM EDTA and a 100-fold molar excess of GDP, or was exchanged
to the GppNp bound form as described by John et al. (1990). Nucle-
otide-exchanged proteins were then desalted into a buffer consist-
ing of 10 mM HEPES (pH 7.5), 150 mM NaCl, and 2 mM MgCl2 andwere frozen in liquid nitrogen. Single crystals were grown by the
hanging-drop method at 20ºC by mixing 2 ml protein at 20 mg/ml in
the above-described buffer with a 2 ml reservoir. For RasQ61GGDP,
the reservoir consisted of 18% PEG4000, 100 mM Tris-HCl (pH 7.5),
10 mM MgCl2, 50 mM calcium acetate, and 250 mM NaCl. For
RasQ61GGppNp, the reservoir consisted of 22.5% PEG4000, 200
mM calcium acetate, 100 mM Tris (pH 7.5), and 10 mM MgCl2. Crys-
tals were cryoprotected in a reservoir solution supplemented with
10% PEG400 and 10% glycerol before freezing in liquid nitrogen.
X-Ray Data Collection and Structure Solution
Native and single wavelength anomalous dispersion (SAD) data were
collected at NSLS beamline X26C, integrated, and scaled with the
HKL2000 suite (Otwinowski and Minor, 1997; Otwinowski et al.,
2003). Statistics on data collection and model refinement are re-
ported in Tables 2 and 3. The RasQ61G crystals belong to space
Table 2. Statistics on Data Collection
Native
GDP
Native
GppNp
SAD
GppNp
Wavelength (A˚) 1.0 1.0 1.71
Resolution (A˚) 2.0 1.50 1.75
Rsym
a (%) 7.8 8.6 14.3
Number of observations 723,128 660,138 1,590,229
Number of unique
reflections
13,739 32,638 39,604
Completeness, overall
(last shell)b (%)
98.8 (91.8) 99.4 (99.8) 100
Redundancy, overall
(last shell)b
7.1 (3.1) 7.1 (6.0) 15.0 (12.3)
<I>/<s(I)> 24.1 (2.6) 24.1 (3.8) 30.3 (4.3)
a Rsym = Si,hkl<I(hkl)> 2 Ii(hkl)/Si,hklIi(hkl).
b The last shell is 2.07–2.0 A˚ and 1.55–150 A˚ for the GDP and GppNp
native data, respectively, and 1.81–1.75 A˚ for the SAD data.
Table 3. Refinement Statistics
GDP Bound
Form
GppNp Bound
Form
Resolution range (A˚) 67.1–2.0 30.8–1.50
Nº of reflections used 13,049 30,980
Protein atoms 1,318 1,318
Heterogeneous atoms 30 37
Solvent atoms 79 168
B factor, (A˚2) overall
(from Wilson plot)
30.8 (26.8) 19.5 (24.0)
Rfree
a, (%) overall
(last resolution shell)
22.9 (30.8) 17.4 (19.7)
Rwork
b, (%) overall
(last resolution shell)
18.6 (24.2) 14.4 (15.2)
Rcryst
c, (%) 18.8 14.6
Rms deviation in bond
length (A˚)
0.012 0.013
Rms deviation in bond
angle (º)
1.3 1.5
Estimated coordinate
errord (A˚)
0.164 0.159
Ramachandran planee (%) 91.4/8.6 95.3/4.7
a Rfree =S(hkl)eTjjFoj2 jFcjj/S(hkl)eTjFoj, where T is the test set (Bru¨nger,
1992) obtained by randomly selecting 5% of the data. The last reso-
lution shell is 2.05–2.0 A˚ and 1.54–1.50 A˚ for the GDP and GppNp
bound forms, respectively.
b Rwork = S(hkl)eWjjFoj 2 jFcjj/S(hkl)eWjFoj, where W is the working set.
c Rcryst = S(hkl)jjFoj 2 jFcjj/S(hkl)jFoj calculated over the entire set of
unique reflections.
d Estimated coordinate error calculated for the data in the 5.0 A˚ to
the highest-resolution range from the Luzzati/SIGMAA statistics.
e Most favored/additionally allowed regions.
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435group R32, with unit cell dimensions of a = b = 93.1 A˚, c = 121.1 A˚ and
a = b = 88.8 A˚, c = 134.4 A˚ for the GDP and GppNp bound forms, re-
spectively. The RasQ61GGDP structure was solved by molecular
replacement by using the coordinates of RasGDP (PDB ID # 4Q21)
as the search model in the program PHASER (Storoni et al., 2004) and
were refined by using TLS groups (Winn et al., 2001) in REFMAC (Mur-
shudov et al., 1997) against 2.0 A˚ resolution data to crystallographic
residuals Rcryst/Rfree of 18.6/22.9% and good stereochemistry.
Structure Solution with SAD
We have solved the crystal structure of RasQ61GGppNp by using
the SAD technique. A run consisting of 510º was collected on a single
crystal at a wavelength of 1.71 A˚ to ensure high redundancy. Bijvoet
pairs were scaled and merged separately in HKL2000. The heavy-
atom substructure was solved with the program SHELXD (Schneider
and Sheldrick, 2002; Weeks et al., 2003), and all atoms were treated
as sulfurs with data truncated to 2.4 A˚ resolution. This resolution cut
was based on statistics reported by the program SHELXC. In run-
ning SHELXD, the shortest distance between the heavy atoms was
set to 1.5 A˚ to allow the finding of the phosphorus atoms. Using
this procedure, 15 heavy atoms were found corresponding to 5
Ca2+ ions involved in crystal packing, the a-, b-, and g-phosphorus
atoms of the GppNp, 6 sulfurs, and the Mg2+ ion coordinating the
GppNp. Figure 1 shows the anomalous difference map at 5s cutoff
superposed on the final model of the anomalous scatterers. The co-
ordinates of the heavy atoms were input without further refinement
into SHELXE, which discriminated between the two heavy atom en-
antiomorphs. The electron density map calculated after phasing and
density modification with SHELXE proved to be of excellent quality
(correlation coefficient of 0.79). This electron density was used to
build the model with the automatic building procedure in ARP/
wARP (Morris et al., 2003). The final RasQ61GGppNp model was
refined in REFMAC (Murshudov et al., 1997) to 1.5 A˚ resolution by
using anisotropic temperature factors to crystallographic residuals
Rcryst/Rfree of 14.4/17.3% and excellent stereochemistry.
RasQ61G Binding to GAP334 and Sos
The catalytic domain of p120GAP, GAP334 (Ahmadian et al., 1997),
was purified as a GST fusion protein on glutathione Sepharose
beads and a gel filtration column. The catalytic domain of Sos (res-
idues 564–1049) was purified by following the same protocol used
for Ras. This part is presented in the Supplemental Data.
ITC Experiments
RafRBD (residues 51–131 of Raf kinase) binding to GppNp bound
WT-Ras, RasG60A, and RasQ61G was measured at 25ºC with
a VP-ITC microcalorimeter (MicroCal, Inc.). All proteins were exten-
sively dialyzed against buffer containing 10 mM HEPES (pH 7.5),
150 mM NaCl, and 2 mM MgCl2, centrifuged, and degassed under
vacuum immediately before use. Sample concentration was deter-
mined by averaging three measurements using Bradford reagent
(Bradford, 1976). RafRBD (218 mM) was injected into the tem-
perature-controlled sample cell, which contained Ras proteins at
w20 mM. The change in heat generation was monitored for 4 min un-
til equilibrium was reached before the next 10 s injection was
started. Background heat generated from dilution of RafRBD was
measured in control experiments in which RafRBD was injected
into buffer alone and subtracted from the integrated pulses. Data
were analyzed with the manufacturer’s software (Origin 7.0, Micro-
Cal, Inc.), yielding the stoichiometry (N) of binding, the binary equi-
librium association constant (Ka), and the enthalpy of binding
(DH0). The entropy of association (DS0) was calculated from the re-
lationship DG0 = 2RTlnKa and the Gibbs-Helmholtz equation. (The
experimental error on DH0 is 5%–10% and is predominantly gov-
erned by the error on the protein concentration in the syringe,
whereas the experimental error on DG0 is 0.2 kcal/mol, correspond-
ing to an error of 40% on Ka. The data were averaged over three ITC
experiments. N was 1.01 6 0.04 for all measurements.)
Targeted Molecular Dynamics
Targeted molecular dynamics was used to simulate transition from
GTP to GDP bound Ras. This part is presented in the Supplemental
Data.Supplemental Data
Supplemental Data including a description of how TMD simulations
were performed and how GAP binds to RasQ61G are available at
http://www.structure.org/cgi/content/full/14/3/427/DC1/.
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